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Abstract 
 
BACKGROUND: Hydrogel-based cell cultures are excellent tools for studying physiological 
events occurring in the growth and proliferation of cells, including cancer cells. Diffusion 
magnetic resonance is a physical technique that has been widely used for the characterisation of 
biological systems as well as hydrogels. In this work, we applied diffusion magnetic resonance 
imaging (MRI) to hydrogel-based cultures of human ovarian cancer cells.  
 
METHODS: Diffusion-weighted spin-echo MRI measurements were used to obtain spatially-
resolved maps of apparent diffusivities for hydrogel samples with different compositions, cell 
loads and drug (Taxol) treatment regimes. The samples were then characterised using their 
diffusivity histograms, mean diffusivities and the respective standard deviations, and pairwise 
Mann-Whitney tests. The elastic moduli of the samples were determined using mechanical 
compression testing.  
 
RESULTS: The mean apparent diffusivity of the hydrogels was sensitive to the polymer content, 
cell load and Taxol treatment. For a given sample composition, the mean apparent diffusivity 
and the elastic modulus of the hydrogels exhibited a negative correlation. 
 
CONCLUSIONS: Diffusivity of hydrogel-based cancer cell culture constructs is sensitive to 
both cell proliferation and Taxol treatment. This suggests that diffusion-weighted imaging is a 
promising technique for non-invasive monitoring of cancer cell proliferation in hydrogel-based, 
cellularly-sparse 3D cell cultures. The negative correlation between mean apparent diffusivity 
and elastic modulus suggests that the diffusion coefficient is indicative of the average density of 
the physical microenvironment within the hydrogel construct.  
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1.  INTRODUCTION  
 
 
Hydrogel-based cell cultures are excellent tools to model the morphology and functions of cells 
in their native and three-dimensional (3D) microenvironment in order to study physiological 
events occurring in normal and diseased processes [10]. In order to mimic a tissue-specific 
matrix, hydrogels can be specifically tailored in their composition, cross-linking mechanism, 
optical properties, stiffness and degradability. In particular, semi-synthetic and synthetic 
hydrogels are engineered to achieve highly reproducible and comparable results addressing a cell 
biological question [19]. As such, hydrogels are employed as 3D culture system to grown cancer 
cell spheroids under experimental conditions as they recapitulate their native extracellular 
surrounding seen in humans. These cancer spheroids can then be subjected to functional assays 
evaluating their viability upon different hydrogel properties and treatment with anti-cancer 
drugs. In this study, we used a semi-synthetic hydrogel, based on gelatin methacrylamide 
(GelMA) [14], to grow ovarian cancer spheroids and analyse the changes in their diffusive 
properties upon changing stiffness and treatment with paclitaxel (Taxol).  
 
Diffusion magnetic resonance (MR) is a physical technique for studying the translational random 
thermal motion of molecules (diffusion) [4,11]. The mean-squared displacement of the diffusing 
molecules is proportional to time, and this relationship is usually expressed in terms of the 
apparent diffusion coefficient D. The value of D is dependent upon the microscopic environment 
sensed by the diffusing molecules, particularly the presence and the morphology of physical 
obstructions as well as molecular interactions with other molecular species [12,30]. In 
biomaterials and biological tissues, the apparent diffusion coefficient is influenced by cellular 
and extracellular structures, e.g. cell walls, the extracellular matrix and biomacromolecules 
present in both intracellular and extracellular space. For this reason, diffusion MR has become 
well-established as a technique for the characterisation of biological systems [24]. The imaging 
implementation of diffusion MR, diffusion magnetic resonance imaging (diffusion MRI) [13], 
has become a well-established clinical [1,8,27,31,33,36,40,42,43] and research 
[2,7,15,17,41,47,49] tool for oncological applications. Nevertheless, to date there are relatively 
few diffusion MR studies of artificial tissue constructs seeded with cancer cells [20,26,35,37].  
 
In this work, we present an application of diffusion magnetic resonance microimaging (diffusion 
micro-MRI) to hydrogel-based cultures of ovarian cancer cells. Micro-MRI enables spatially 
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resolved imaging of the sample on the length scale of tens or hundreds of microns. Similar to 
clinical MRI, micro-MRI allows the measurement of the apparent diffusion coefficient in every 
individual imaging volume element (voxel); but micro-MRI affords a superior spatial resolution 
when compared to clinical MRI. Micro-MRI can therefore provide multi-scale information about 
the gross macroscopic organisation, morphological heterogeneity and the local microscopic 
environment of the sample [6,29,38,45]. In this work we studied eight different conditions of 
cell-free and cell-loaded GelMA hydrogel samples. The eight groups were subject to three 
experimental variables: (1) composition of the hydrogel: 5% or 10% GelMA; (2) the presence 
(or absence) of cancer cell spheroids; and (3) the presence or absence of anti-cancer treatment 
with Taxol [34]. We demonstrate that the apparent diffusion coefficient is sensitive to the 
cellular environment of the hydrogels and discuss potential applications of the technique for 
characterisation of hydrogel-based cell cultures.  
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2.  METHODS  
 
 
2.1.  3D cell culture within GelMA-based hydrogels  
Human ovarian cancer OV-MZ-6 cells were maintained as previously reported [18]. For 3D cell 
cultures, 2.5⋅105 cells/mL were mixed with GelMA precursor solution in a custom Teflon mold 
and photo-crosslinked using a UV crosslinker at 365 nm. By applying a custom cutting guide, 
the obtained hydrogel stripes were cut into constructs of equal size (2 × 4 × 5 mm3) and used for 
subsequent assays [14]. Treatment with Taxol (10 nM) started 7 days after the commencement of 
the 3D culture and continued for another 7 days, with Taxol-containing media changed every 48 
hrs [18]. Following incubation and prior to MR imaging, all samples were kept at 4 oC in 
phosphate-buffered saline (PBS). All the cell-loaded samples and the 5% cell-free samples were 
imaged within 3 days of incubation. The cell-free 10% samples were imaged within 2 weeks of 
incubation.  
 
2.2.  MRI sample preparation  
Three GelMA-based hydrogel constructs from a given condition were placed in a 10 mm NMR 
tube (Wilmad, USA) as follows. A custom-made Teflon plug manufactured to fit the internal 
diameter of the NMR tube was placed at the bottom of the tube. Hydrogel constructs in PBS 
were placed above the Teflon plug, and another Teflon plug was placed above the samples. The 
gap between the two plugs, containing the samples and PBS, was ~10 mm. This gap represented 
the target imaging volume. Excess PBS from above the top plug was removed by aspiration. 
Both Teflon plugs had a small axial channel in them in order to release air bubbles. This setup 
enabled minimisation of magnetic susceptibility distortions by eliminating air/water interfaces 
and optimisation of the image quality by minimising the imaging volume [39].  
 
2.3.  Magnetic Resonance microimaging  
The imaging was performed on a Bruker Avance nuclear magnetic resonance (NMR) 
spectrometer with a 7.0 T vertical-bore superconducting magnet (Bruker, Germany) [6,39,46]. 
The spectrometer was equipped with a Micro2.5 micro-imaging probe and a 1.1 T/m triple-axis 
gradient set and interfaced with ParaVision imaging software (Bruker, Germany). A 10 mm 
birdcage RF coil was used. All MR measurements were performed at room temperature. In all 
measurements, the imaging plane was vertical and centred on the axis of the NMR tube. The 
imaging Read direction was the direction of the B0 field.  
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Each sample was initially imaged using the FLuid-Attenuated Inversion Recovery (FLAIR) spin-
echo imaging sequence [48] in order to locate the hydrogel constructs and determine the 
appropriate imaging plane for the subsequent diffusion measurements. The FLAIR imaging 
parameters were as follows: slice thickness = 0.4 mm, imaging bandwidth = 151 kHz, TR = 4 s, 
TE = 5 ms, 3-lobe sinc selective RF pulses (duration 1 ms for the excitation 90o pulses and 0.749 
ms for the refocusing 180o pulses). The in-plane imaging parameters in the Read (R) and Phase 
(P) dimensions were: FOV = 19.90 (R) x 14.90 (P), NR x NP = 170 x 127. Separate images from 
two sequential echoes were acquired (effective TE = 5 ms and 10 ms). The k-space data was 
zero-filled in the Read direction to 256 points, resulting in the effective digital resolution 78 μm 
(R) x 117 μm (P). For the inversion-recovery module a 1.1 ms adiabatic secant π pulse was used. 
The IR interval included a spoiler gradient. The duration of the IR interval (1.4 s) was 
empirically selected such as to minimise the PBS signal. The orientation of the vertical imaging 
slice was chosen such that the image contained the largest possible number of the hydrogel 
constructs.  
 
Diffusion imaging was performed using a spin-echo diffusion-weighted pulse sequence [3]. The 
diffusion imaging parameters were as follows: slice thickness = 0.4 mm, imaging bandwidth = 
151 kHz, TR = 3 s, TE = 13 ms, diffusion interval Δ = 7 ms, 2 signal averages, 3-lobe sinc 
selective RF pulses (duration 1 ms for both the excitation 90o pulses and the refocusing 180o 
pulses). The in-plane imaging parameters were: FOV = 26.52 (R) x 19.81 (P), NR x NP = 170 x 
127. The k-space data was zero-filled in the Read direction to 256 points, resulting in the 
effective digital resolution 104 μm (R) x 156 μm (P). The duration of diffusion-weighting 
gradients was δ = 2 ms; gradient separation was Δ = 7 ms. The diffusion gradient direction was 
Read (the direction of the B0 field). The orientation of the vertical imaging slice was as 
determined in the corresponding FLAIR image. For each sample, 8 diffusion-weighted images 
were acquired with the effective b values (as computed by the ParaVision software) 29.9, 154.9, 
279.9, 404.9, 529.9, 654.9, 779.9 and 904.9 s mm−2.  
 
 
2.4.  Diffusion data processing  
For each sample, two sets of regions of interest (ROIs) were selected in the diffusion-weighted 
images: one contained within the hydrogel constructs and the other within the PBS region. Maps 
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of the apparent diffusivity for the hydrogel ROIs were constructed using in-house Mathematica 
code (Wolfram Inc, USA) [22,23,46]. The respective PBS ROIs were used for the calibration of 
the effective b values. For each imaging voxel within the PBS ROI, a linearised Stejskal-Tanned 
diffusion plot was constructed and the signal decay was fitted with a linear function:  
 
 ( ) 0ln ln appS b S b D= −   (1) 
 
where b is the b value (the independent variable); S(b) is the signal intensity in the given voxel at 
the given b value (the dependent variable); and the two fit parameters S0 and Dapp have the 
meaning of the unattenuated signal and the apparent diffusivity, respectively. The calibration 
coefficient C = Dapp/D0 was calculated. The value of C was then averaged over the entire PBS 
ROI. A value of C different from 1 indicated the presence of a difference between the target and 
the actual shape and amplitude of the diffusion-weighting gradients. To correct for this 
difference, the “real” b values were calculated as breal = b⋅C. The fitting procedure was then 
repeated for all voxels in the hydrogel ROI with the “real” b values thus calculated. The resulting 
voxel-specific fitted diffusivity values were used to construct histograms of the hydrogel 
diffusivities; the means and the standard deviations were calculated; and the distributions within 
the 5% and the 10% group of samples were treated using the pairwise Mann-Whitney test [5].  
 
2.5.  Mechanical testing  
Unconfined mechanical compression tests were conducted using an Instron 5848 microtester 
fitted with a 5 N load cell (Instron, Australia) at 37 °C with PBS as immersion media. Cell-free 
and cell-loaded hydrogel constructs (n = 3-6 per condition) were subjected to 65% compression 
relative to the sample’s uncompressed height at a rate of 5 mm per minute. The compressive 
Young’s modulus of the hydrogels was determined at 60% and 25% strain respectively, using the 
stress versus strain data.  
 
 
 9
3.  RESULTS  
 
3.1.  Microscopy  
Representative bright-field microscopic images of cell-loaded hydrogels for all conditions tested 
are shown in Fig. 1. The images show the typical morphology and density of the cancer cell 
spheroids in the hydrogels. In particular, the images show that the cell-loaded hydrogel 
constructs exhibited sparse cellularity even in the absence of Taxol treatment. The images also 
demonstrate the reduction in cell volume fraction following Taxol treatment.  
 
3.2.  FLAIR MR images   
Representative FLAIR images for two of the conditions are shown in Fig. 2. In all FLAIR 
images, the intensity of the PBS regions was comparable to the noise level, while the hydrogel 
regions exhibited relatively high intensity. The intensity of both the PBS and the hydrogel 
regions was uniform as a rule. In some conditions, hypointense hydrogel regions were present. 
These regions were interpreted as partial-volumed regions, where both PBS and hydrogel were 
present in the same imaging voxel (see Fig. 2b for an example). These regions were excluded 
from analysis.  
 
3.3.  Diffusion MRI  
Representative diffusion-weighted images obtained at three different values of the diffusion-
weighting parameter b are shown in Fig. 3. In all samples, PBS exhibited a more rapid diffusive 
attenuation with the increasing b value than the hydrogel. Maximum diffusive attenuation 
relative to the full intensity was ~12-fold for PBS and ~6-fold for the hydrogels.  
 
Histograms of the apparent diffusivity values in individual imaging voxels within the hydrogel 
ROIs for all eight conditions tested are shown in Fig. 4. The corresponding average apparent 
diffusivities and their standard deviations are listed in Table 1. As expected, the apparent 
diffusivities in the 5% GelMA-based hydrogels were greater than in the 10% hydrogels, although 
the difference was not very large (less than 10%).  
 
Table 2 shows the P values from pairwise Mann-Whitney tests performed on the apparent 
diffusivity distributions from the 5% GelMA group and the 10% GelMA group of samples. At 
the significance level α = 10−4, the results of Table 2 demonstrate statistically significant 
differences between the median apparent diffusivities for untreated cell-free and the 
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corresponding cell-loaded groups of samples. The corresponding mean apparent diffusivities 
increased by ~5% as a result of the hydrogel being loaded with untreated cancer cells in both the 
5% GelMA and the 10% GelMA groups. Table 2 also demonstrates statistically significant 
differences between the median apparent diffusivities for untreated and Taxol-treated cell-loaded 
groups of samples (Taxol treatment of cell-loaded hydrogels resulted in a reduction in the 
apparent diffusivity). However, Taxol treatment did not result in a statistically significant change 
in the median apparent diffusivity of cell-free hydrogel samples.  
 
3.4.  Mechanical testing  
The average values of the elastic moduli of the hydrogel samples and the corresponding standard 
deviations are reported in Table 3. As a trend, the 10% GelMA-based hydrogels exhibited the 
elastic moduli approximately an order of magnitude greater than the 5% hydrogels. The standard 
deviations reported in Table 3 indicate the variability of the experimentally measured elastic 
moduli across samples from a given group of hydrogels. Plots indicating the correlation between 
hydrogel diffusivity and hydrogel elastic moduli are shown separately for the 5% and the 10% 
samples in Fig. 5.  
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4.  DISCUSSION  
 
Diffusion MRI is a well-established technique for the quantification of high-cellularity tumours, 
e.g. in the prostate, liver and the brain. The diffusion of both intracellular and extracellular water 
molecules is dependent upon the morphology of the cells, cell density and the permeability of the 
cell membrane. In addition, the diffusion of extracellular water is dependent upon the 
morphology and the chemical composition of the extracellular matrix formed by the cells. High 
density of the tumour cells amplifies the effect of these factors, and as a result the apparent 
diffusivity of water molecules is highly sensitive to the oncological status of the tissue. For 
example, in prostate cancers, depending on the stage of the cancer and the measurement 
conditions, tumours have been observed to exhibit a reduction in the apparent diffusion 
coefficient of between 15% and 50% compared to the surrounding “normal” tissue. Additionally, 
the “normal” prostate tissue of cancer patients has been observed to exhibit a reduction in the 
apparent diffusion coefficient of ~5-10% compared to that observed in healthy subjects [40]. 
Such variations in the apparent diffusivity are easily detectable using modern diffusion MRI 
protocols and instrumentation.  
 
4.1. Diffusion MRI of tissue constructs. In contrast to highly cellular tissues, the quantification 
of artificial cancer-cell tissue constructs exhibiting sparse cellularity is more challenging. As 
seen from Table 1 and Fig. 4, the changes in the apparent diffusivity of water in such systems 
that can be attributed to cell proliferation are significantly more subtle. The range of variation of 
the apparent D is limited to a few percent, which is comparable to both the physical accuracy of 
the measurement and the variation of the diffusivity within the tissue. This makes quantification 
and interpretation of the apparent diffusivities in low-cellularity in vitro cell constructs 
significantly more demanding in terms of statistical treatment of the results. Furthermore, due to 
the relatively small number of studies of low-cellularity in vitro constructs available in the 
literature [20,26,35,37], the diffusion behaviour in such systems is less well understood than in 
high-cellularity tissue environments. The present application of diffusion MRI to hydrogel-based 
cancer-cell spheroid constructs represents an important step in the development of the diffusion 
MRI methodology for characterisation of sparse cellular environments in vitro.  
 
4.2. Water diffusion in the hydrogels. Diffusion of water molecules in biological systems is 
affected primarily by two factors [16,24]: (1) physical obstruction to diffusional molecular 
motion presented by cell walls and extracellular structures; and (2) chemical exchange between 
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“free” and “bound” water, where the latter represents the transient pool of water molecules that 
are hydrogen-bound to tissue biopolymers (e.g. collagen or proteoglycans). The presence of 
physical obstructions, such as cell walls or collagen fibres, leads to a reduction in the diffusion 
coefficient. Likewise, the presence of macromolecular species possessing a significant number of 
water-binding sites (e.g. proteoglycans) also leads to a reduction in the diffusion coefficient. In 
the first approximation, the two effects are additive. The apparent diffusion coefficient measured 
in an MRI experiment represents the average diffusivity of water molecules over the range of 
local physical and chemical environments present in the given imaging voxel.  
 
Photo-crosslinked GelMA-based hydrogels represent a disordered network of chain-like 
biopolymeric molecules. Molecular diffusion within such a network is obstructed through both 
mechanisms stated above: the presence of immobile macromolecules results in a physical 
obstruction to molecular diffusion, while the presence of hydrogen-bonding sites in the 
macromolecules results in a certain fraction of immobile “bound” water [9,21,25,28,44]. Both 
factors, therefore, can be expected to result in a decrease of the water diffusion coefficient with 
the increasing GelMA concentration. Such a decrease was indeed observed, as evidenced by a 
comparison of the measured D values in cell-free 5% and 10% GelMA samples (see Fig. 4 and 
Table 1).  
 
4.3. Cell viability. The viability of the OV-MZ-6 ovarian cancer cells was not directly measured 
in the present study but was investigated in the previous studies [14]. When kept in the 37 oC 
incubator in cell culture media, the cells exhibited viability (measured via metabolic activity) and 
proliferation (measured via DNA content) over at least 3 weeks. The cells also exhibited 
proliferation over 8 weeks when implanted in the abdominal cavity of mice. Furthermore, the 
spheroids showed survival (albeit with halted proliferation) for at least one month outside the 
incubator when kept at 4 oC in PBS. The imaging of both treated and untreated cell-loaded 
samples in the present study was completed between 1 and 3 days following the incubation of 
the samples. This time is well within the time frame of cell survival demonstrated by the 
previous studies. For this reason, it was assumed that the cells in the four cell-loaded groups of 
samples remained viable at the time of the imaging, and cell viability measurements of these 
specific samples were deemed unnecessary.  
 
4.4. Cancer spheroids: Effects on water diffusivity. The presence of cancer cell spheroids in the 
hydrogels can alter the physical environment sensed by the diffusing water molecules in several 
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ways. First, living cells are capable of laying down an extracellular matrix consisting of 
crosslinked biopolymeric molecules, which would introduce additional obstructions and 
hydrogen-bonding sites into the hydrogel environment. Second, the presence of cell walls can 
also provide additional obstructions to the diffusing molecules. Both these factors can be 
expected to result in a decrease in the observed D value. Finally, cell spheroids represent a local 
physical environment that is different to the hydrogel proper. Gelatin molecular chains are not 
present in the cell spheroids, and the diffusion of water molecules can therefore be less 
obstructed within the spheroids than in the hydrogel itself. The results presented in Fig. 4 and 
Table 1 suggest that it is the latter factor that dominates. The mean D value in both 5% and 10% 
cell-loaded hydrogels is ~5% greater than in the corresponding cell-free hydrogels, suggesting 
that the presence of cell spheroids results in a less obstructed molecular diffusion. While the 
effect is small, the results of Table 2 demonstrate that it was statistically significant when the 
entire distribution of the voxel-specific apparent diffusivities is considered. The increase in the 
apparent D upon cell loading can be rationalised by considering the intracellular and the 
extracellular contributions to the apparent diffusivity, with the two pools being in intermediate-
to-rapid chemical exchange on the time scale of the diffusion measurement (Δ = 7 ms). The 
apparent diffusivity measured by diffusion MRI can then be represented as the weighted average 
of the intrinsic apparent diffusivity within the cell spheroids (DS) and the intrinsic apparent 
diffusivity within the hydrogel proper (DHG):  
 
 S S HG HGD p D p D= +   (2) 
 
where pS and pHG are the molar fractions of water confined to the cell spheroids and the 
hydrogel, respectively. The observed increase in the diffusion coefficient in the cell-loaded 
samples is consistent with DS being greater than DHG. This can be attributed to the limited size of 
the extracellular network within the cell spheroids as well as high permeability of the cell walls 
to water molecules.  
 
We note that the direction of the change of the apparent diffusivity resulting from cancer cell 
loading (D increased in cell-loaded hydrogels) is the opposite of what is normally seen in cell-
dense tissues (D decreases as a result of tumour proliferation). This difference suggests that the 
factors affecting molecular diffusion in cell-dense tissues in vivo are different from the factors 
determining the diffusivity in tissue constructs with sparse cellularity. The exact nature of this 
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difference is unclear to us at this stage, but the hypothesis is that the density of the extracellular 
matrix (ECM) laid down by the cells is greater in cell-dense “real” tissues than in cell-sparse 
tissue constructs. This hypothesis appears likely in light of the relatively short cell incubation 
time used in the present study (2 weeks), significantly shorter than the age of tumours typically 
seen by MRI in the clinical context. To test this hypothesis, we propose further studies that will 
involve: (1) histology with proteoglycan- and collagen-specific staining of the tissue construct 
samples in order to quantify the ECM density in the samples; and (2) longer incubation time 
frame in order to investigate whether the direction of diffusivity changes is reversed when the 
tissue constructs begin to approach cell-dense tissue environment upon prolonged proliferation 
of the cancer cells.  
 
Table 2 demonstrates that, in both the 5% and the 10% groups of samples, Taxol treatment of 
cell-free hydrogels did not result in a statistically significant increase of the water diffusion 
coefficient. This suggests that Taxol treatment has almost no effect on either the physical density 
of the gelatin network or the density of hydrogen-bonded sites within the network. On the other 
hand, Taxol treatment of cell-loaded hydrogels resulted in a statistically significant reduction of 
the mean diffusion coefficient (see Table 2). This is consistent with Taxol either halting or 
reversing the proliferation of the cells, resulting in a reduction in pS and consequently an increase 
in the weighted-average D value given by Eq. (2).  
 
4.5. Mechanical properties. The comparison of the apparent diffusivity and the elastic modulus 
values (Fig. 5) reveals that these two quantities are negatively correlated. This Figure presents an 
individual comparison for the 5% and 10% GelMA-based hydrogels in order to prevent fine 
differences between the hydrogels having the same gelatin content from being obscured by the 
large differences between the two compositionally different groups of hydrogels. The elastic 
modulus reflects the ability of the hydrogel to resist mechanical deformation and is therefore 
indicative of the mechanical strength of the material. The negative correlation between the 
elastic modulus and D is not a finding that should be obvious a priori: examples of the opposite 
behaviour are present in the literature. Regan et al [32] studied the diffusion of water and small 
molecules, including the amino acid phenylalanine, in poly(vinyl alcohol) (PVA) hydrogels. The 
diffusion coefficient of phenylalanine was greater in the crosslinked than in the non-crosslinked 
hydrogel, despite the crosslinked hydrogel having a significantly greater elastic modulus. This 
was attributed to attractive interactions between the carboxyl groups of phenylalanine and the 
side-chain acrylamide groups of PVA. Crosslinking diminished this interaction by breaking the 
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carbon−carbon double bonds of the acrylamide groups. This example demonstrates that an 
increase in the physical density or the mechanical strength of a hydrogel does not always lead to 
a decrease in the value of D, and the effects of molecular interactions can have an effect on D 
that is the opposite of the obstructive effect.  
 
The presence of a negative correlation between D and elastic modulus evident from Fig. 5 
suggests that the effects of cell spheroids on molecular diffusivity can, at least in large part, be 
explained by the physical density of the hydrogel construct and the obstructive model of 
apparent diffusivity. We therefore hypothesise that the principal reason for the increase in D 
observed in cell-loaded and non-treated hydrogels is the reduced obstructive effects experienced 
by the diffusing water molecules within cell spheroids. This effect is reversed by Taxol treatment 
due to the halting or reversal of cell proliferation.  
 
Table 3 demonstrates that the elastic modulus of the hydrogel can serve as an indicator of cell 
growth. In both 5% and 10% non-treated hydrogels, the presence of cell spheroids resulted in a 
significant decrease of the hydrogel’s elastic modulus, which is an indicator of the “average” 
physical microenvironment within the hydrogels. The presence of the negative correlation 
between the elastic modulus and D suggests that MRI-measured apparent diffusivity can be used 
as a proxy of the elastic modulus, thus also serving as an indicator of the hydrogel’s physical 
microenvironment. Importantly, diffusion MRI measurements can be performed non-invasively, 
without removing the hydrogel from the sterile environment and without compromising its 
physical integrity. This suggests that diffusion micro-MRI is a promising physical technique for 
longitudinal monitoring of hydrogel-based cell cultures. It also provides the basis for further 
research of the relationship between cell proliferation, macroscopic mechanical properties and 
diffusion properties of the hydrogels. A better understanding of the detailed quantitative 
relationship between cell proliferation and diffusivity would enable diffusion micro-MRI to be 
used as a semi-quantitative tool for the assessment of 3D cell cultures.  
 
4.6. Limitations and future experiments. Cell viability at the stage of MR imaging is an 
important attribute that ensures that the diffusion properties of the hydrogels reflect the 
proliferation behaviour of the cancer cells within the samples. In the present study cell viability 
was not validated directly; rather, it was inferred from our past studies of similar systems. It is 
possible (although highly unlikely) that cell viability could have been compromised prior to MR 
imaging. Should this have been the case, the disruption of the cell walls following cell death 
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could have resulted in the apparent diffusivities of water being different from those in “live” 
spheroid hydrogel cultures. In order to exclude the possibility of the apparent diffusivities being 
distorted by the presence of non-viable cells, it is recommended that the experimental protocol in 
follow-up studies includes a step to validate the viability of the cells immediately prior to MR 
imaging.  
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5.  CONCLUSION  
 
The findings demonstrate that isotropic apparent diffusivity of water molecules in hydrogel-
based cancer cell culture constructs is sensitive to cell proliferation. The presence of cancer cell 
spheroids resulted in an increase in the mean diffusivity. This is the opposite of the sign of the 
apparent diffusivity changes (negative) associated with tumour proliferation in cell-dense 
biological tissues. It is hypothesised that this behaviour can be attributed to differences in the 
density of the extracellular matrix in tissue constructs in vitro and real tissues in vivo. However, 
further studies are called for in order to understand the differences in the molecular and cellular 
factors controlling the water diffusivity in cell-dense and cell-sparse environments. Taxol 
treatment, which inhibits and reverses the proliferation of cancer cells, resulted in a decrease in 
the mean diffusivity of cell-loaded hydrogels. The mean diffusivity and the elastic moduli of the 
hydrogels exhibited a negative correlation, suggesting that the measured value of the diffusion 
coefficient indicated the average density of the hydrogel construct sensed by the diffusing water 
molecules. Further studies are needed to fully understand the detailed quantitative relationship 
between cell proliferation and MRI-measured apparent diffusivity in sparse cellular systems. The 
present study suggests that diffusion-weighted imaging is promising in terms of quantitative 
characterisation of cell growth in sparse cellular environments. Non-invasive monitoring of 
cancer cell proliferation in hydrogel-based 3D cell cultures is a potential application of this 
approach.  
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Tables  
 
 
Table 1  Mean apparent diffusivities of the hydrogel samples and their standard deviations (both 
in mm2 s−1) for the eight conditions tested. Typically, 3 samples were measured for each 
condition. The hydrogel region in a given sample contained typically between 100 and 200 
imaging voxels, depending on the positioning of the sample relative to the imaging slice. Each 
value of the mean diffusivity is based on a total of between 300 and 600 imaging voxels.  
 
  No treatment Treated with Taxol 
5% GelMA 
Cell-free 0.00204 ± 0.00009 0.00206 ± 0.0001 
Cell-loaded 0.00214 ± 0.0001 0.00207 ± 0.0001 
10% GelMA 
Cell-free 0.00186 ± 0.00008 0.00188 ± 0.00009 
Cell-loaded 0.00195 ± 0.00006 0.00192 ± 0.00009 
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Table 2  P values from pairwise Mann-Whitney tests for the apparent diffusivity distributions in 
the 5% and 10% hydrogel samples shown in Fig. 4. The shaded cells indicate that the medians of 
the two diffusivity distributions are significantly different at α = 10−4.  
 
5% GelMA  
 Cell-free, no 
treatment  
Cell-free, treated 
with Taxol  
Cell-loaded, no 
treatment 
Cell-loaded, 
treated with Taxol 
Cell-free, no 
treatment − 0.0025 1.1⋅10
−39 3.7⋅10−6 
Cell-free, treated 
with Taxol 0.0025 − 9.9⋅10
−32 0.039 
Cell-loaded, no 
treatment 1.1⋅10
−39 9.9⋅10−32 − 2.0⋅10−17 
Cell-loaded, 
treated with Taxol 3.7⋅10
−6 0.039 2.0⋅10−17 − 
 
 
10% GelMA  
 Cell-free, no 
treatment  
Cell-free, treated 
with Taxol  
Cell-loaded, no 
treatment 
Cell-loaded, 
treated with Taxol 
Cell-free, no 
treatment − 0.00067 4.4⋅10
−66 4.1⋅10−24 
Cell-free, treated 
with Taxol 0.00067 − 1.6⋅10
−29 6.1⋅10−9 
Cell-loaded, no 
treatment 4.4⋅10
−66 1.6⋅10−29 − 2.9⋅10−7 
Cell-loaded, 
treated with Taxol 4.1⋅10
−24 6.1⋅10−9 2.9⋅10−7 − 
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Table 3  Elastic moduli of the hydrogel samples and their standard deviations (both in kPa) for 
the eight conditions tested. The number of samples tested per condition was n = 3 for the 
untreated group and n = 6 for the Taxol-treated group.  
 
  No treatment Treated with Taxol 
5% GelMA 
Cell-free 8 +/- 1 9 +/- 3 
Cell-loaded 6 +/- 2 8 +/- 2 
10% GelMA 
Cell-free 96 +/- 7 90 +/- 10 
Cell-loaded 50 +/- 1 53 +/- 3 
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Figure Captions  
 
 
 
Fig. 1  Representative bright-field images of cancer cell spheroids in 5% and 10% GelMA-based 
hydrogels after 14 days of 3D culture. The treated 3D cultures were treated with Taxol (10 nM) 
during days 8-14. Scale bars, 100 µm.  
 
 
 
 
Fig. 2  Representative FLuid-Attenuated Inversion Recovery (FLAIR) images of hydrogel 
constructs in PBS: (a) 5% GelMA, with cancer cell spheroids, no treatment; (b) 10% GelMA, 
with cancer cell spheroids, treated with Taxol. The imaging parameters are described in the 
Methodology section. The MRI signal from PBS was zeroed by the appropriate selection of the 
duration of the inversion-recovery period; this allowed reliable localisation of the samples and 
the selection of the appropriate imaging plane. Note the partial-volume effect in Fig. 2(b). The 
channel seen on the axis of the top Teflon plug was used for the release of air bubbles in order to 
maximise image quality.  
 
 
 
 
Fig. 3  Representative diffusion-weighted images of the sample shown in Fig. 2(b). The three 
images were obtained with different values of the diffusion-weighting parameter b: (a) b = 29.9 s 
mm−2; (a) b = 404.9 s mm−2; (a) b = 904.9 s mm−2.  
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Fig. 4  Histograms of the apparent diffusivity of the hydrogel for the eight conditions tested: (a) 
5% GelMA; (b) 10% GelMA. In both panels, the meaning of lines is as follows: dashed lines = 
hydrogels treated with Taxol; solid lines = no treatment; red colour = hydrogels with cancer cell 
spheroids; blue colour = cell-free hydrogels. Each distribution contains between 300 and 600 
data points corresponding to individual imaging voxels within the hydrogel region of the 
respective samples.  
 
 
 
 
Fig. 5  Correlation between the mean apparent diffusivity of the hydrogel and the elastic moduli 
for: (a) 5% GelMA and (b) 10% GelMA samples. The respective linear regression plots 
exhibited R2 values of 0.81 for the 5% GelMA group and 0.92 for the 10% GelMA group.  
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